Acute myocardial ischaemia induces a decrease in resting membrane potential [which leads to reduction of action potential (AP) V max ] and intracellular acidification (which closes gap junctions). Both contribute to conduction slowing. We hypothesized that ventricular expression of the skeletal muscle Na + channel, Nav1.4 (which activates fully at low membrane potentials), or connexin32 (Cx32, which is less pH-sensitive than connexin43) would support conduction and be antiarrhythmic. We tested this hypothesis in a murine model of ischaemia and reperfusion arrhythmias.
Introduction
Experimental studies have shown that reperfusing an ischaemic region after a brief period of coronary artery ligation frequently leads to ventricular tachyarrhythmias. 1, 2 A clinical example in which a sudden decrease in coronary flow persists for several minutes, after which flow is re-established, is Prinzmetal's or variant angina, 3 which may represent 20 -30% of patients admitted to coronary care units because of unstable angina. 4 Electrocardiogram (ECG) monitoring of patients with variant angina reveals cardiac arrhythmias in 50% of cases. 5, 6 Moreover, patients with variant angina and severe ventricular arrhythmias have a mortality significantly higher than those without arrhythmias and are more likely to die suddenly. 6 -8 In many such patients, ventricular fibrillation during reperfusion is responsible for sudden death. 9 A major issue regarding prevention/ treatment is that there is no time to administer a drug or device when severe ventricular arrhythmias result from acute infarction and reperfusion. In this study, we used a murine model to test a novel gene therapy that speeds conduction as a means for preventing reperfusion arrhythmias.
Reperfusion arrhythmias accompany recovery from acute myocardial ischaemia which is associated with a gradual and progressive decrease in resting membrane potential 10 and intracellular acidification 11 occurring over minutes. Loss of resting membrane potential leads to reduction of action potential (AP) upstroke velocity (V max ) 10 and low pH decreases gap junctional coupling: 12 both contribute to marked slowing of conduction. 1, 10, 13 The alterations in electrophysiological properties and the heterogeneous distribution of recovery on reperfusion 1, 10, 14 can predispose tissue to re-entrant arrhythmias. 2, 15 We hypothesized that introduction into ventricular tissue of the skeletal muscle Na + channel, Nav1.4 (which activates at lower membrane potentials than the cardiac Na + channel, Nav1.5 16, 17 ), or introduction of the liver gap junctional protein, Cx32 (which is less pH-sensitive than the myocardial connexin, Cx43 12, 18 ), would normalize AP V max or gap junctional conductance, respectively, and, thereby, improve conduction velocity (CV) during ischaemia and reperfusion to decrease the incidence of reperfusion arrhythmias.
Methods

SkM1 and Cx32 adenovirus preparation
Preparation of the adenoviral construct of rat skeletal Na + channel gene, SkM1 (kindly provided by Dr Gail Mandel) that encodes Nav1.4, has been described previously. 19, 20 Murine Cx32 cDNA was transferred from its original vector into a pDC516 shuttle vector. The new pDC516-Cx32 plasmid was co-transfected with a viral genomic plasmid pBHGfrt△E1,3FLP (Microbix Biosystem) into E1-complementing HEK293 cells. After successful recombination, resulting in production of a replication-deficient adenovirus of Cx32 (AdCx32), the virus was plaque-purified and sequenced prior to further amplification. Large scale viral stock was concentrated via CsCl binding, consequently titrated with mouse anti-adenovirus hexon antibodies (Advanced ImmunoChemical, Long Beach, CA,USA), and the titre was defined as fluorescence forming units per millilitre (ffu/mL).
Gene delivery
The investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Heath (NIH Publication No. 85-23, revised 1996) . All protocols were approved by the Columbia University Institutional Animal Care and Use Committee. Male C57B mice weighing 23 -32 g were anaesthetized with sodium pentobarbital (50 -70 mg/kg ip) and fixed in the supine position on a heating pad. Intubation was attained by direct laryngoscopy using the outer sheath of a 24 G intravenous catheter. The catheter was then connected to a rodent ventilator for continuous mechanical ventilation (respiratory rate 120/min with a tidal volume of 0.5 mL, Harvard Apparatus Respirator, model 707). Rectal temperature was maintained within 37.5-38.08C. A left thoracotomy was performed via the fourth intercostal space, the heart was exposed, and 25 mL of saline containing 1.6 × 10 9 ffu of either empty adenovirus (Sham) or adenoviral constructs with SkM1 or Cx32 was injected into the anterior left ventricular (LV) wall using an insulin syringe with a 31 G needle. The chest and skin were then closed with 6-0 silk suture, the endotracheal tube was withdrawn, and the animal was allowed to recover.
In situ experiments
Four days after surgery, the animals were re-anaesthetized. Electrodes were placed to record the standard limb lead ECG. The hearts were exposed and 8-0 nylon threads passed around the left coronary artery using a tapered needle 1 mm from the tip of the left atrium. The ends of the nylon were threaded through a PE-10 tubing to make a snare, 21 and the artery was occluded by tightening the snare. Myocardial ischaemia was confirmed by regional cyanosis and ST-segment elevation. Five minutes later, the artery was reperfused by releasing the ligation. We used 5 min occlusion because the relationship between ischaemia duration and incidence of ventricular tachycardia (VT) upon subsequent reperfusion in the murine heart is 'bell-shaped' with a maximum at 5 min of ischaemia. 21 Reperfusion was confirmed by a rapid colour change in the surface of the myocardium. When VT (five or more consecutive ventricular beats) was observed, its incidence, rate, and duration were analysed.
Microelectrode methods
The right ventricular (RV) wall was isolated, pinned to the bottom of a 4 mL tissue bath epicardial surface up, and superfused with Tyrode's solution (T ¼ 358C) at 12 mL/min. The bath was connected to ground via a 3 M KCl/Ag/AgCl junction. The preparation was continuously paced at a cycle length of 250 ms via bipolar Teflon-coated silver electrodes located at an antero-basal site. To confirm the stability of propagation, a bipolar electrogram was constantly recorded in the apical region. Multisite microelectrode mapping was performed using conventional microelectrode techniques: APs were sequentially recorded at 25 -35 sites evenly covering the entire ventricular surface. Conduction time to each site was determined as the time interval between the stimulus artefact and AP upstroke. Measurement was facilitated via photography using a grid and a video camera. Distribution of conduction time over the ventricular surface was approximated by a polynomial function with precision of 0.5 ms. This function was used to plot isochrones and calculate CV at any site.
SkM1-treated mice
Bicarbonate-buffered Tyrode's solution was equilibrated with 95% O 2 /5% CO 2 and contained (mmol/L): NaCl 131, NaHCO 3 18, KCl 4, CaCl 2 1.8, MgCl 2 0.5, NaH 2 PO 4 1.8, and dextrose 5.5 (pH 7.35 + 0.05). After 1 h of equilibration, a control map was obtained. Then, the Tyrode's KCl concentration was increased to 10 mmol/L (to simulate ischaemia-induced depolarization). After 15 min of equilibration, multisite microelectrode mapping was repeated.
Cx32-treated mice
To simulate ischaemia-induced intracellular acidification, sodium acetatecontaining solutions were used. Acetate, a weak acid that shuttles H + by diffusing through the plasma membrane in its neutral H + -associated form, significantly reduces intracellular pH (pH i ). 22 Control HEPESbuffered Tyrode's solution contained (mmol/L): NaCl 130, KCl 4, CaCl 2 1.8, MgCl 2 1.0, dextrose 5.5, sodium acetate 20, and HEPES 10 (pH 7.4). For the low pH solution (pH 6.0), HEPES was replaced by MES buffer (10 mmol/L). After 1 h of equilibration in control solution and obtaining a control map, the tissue was superfused with low pH solution for 15 min and mapping was repeated. To test the effects of both factors (depolarization and acidosis), KCl concentration in low pH solution was increased to 10 mmol/L.
Measurement of pH i
The drop in pH i induced by low pH solution was measured with pH-sensitive microelectrodes in a separate group of experiments (see Supplementary materials online, Methods). Values averaged for eight RV preparations showed that switching the pH in bathing solution from 7.4 to 6.0 resulted in a drop of pH i from 7.01 + 0.03 to 6.41 + 0.04 (P , 0.05).
Assessment of area at risk
Surgical preparation was performed as described above, and the mouse was stabilized for 10 min. The coronary artery was then ligated as above, the aorta was clamped, and 1 mL of 1% Evans Blue dye was injected into the LV lumen to negatively mark the ischaemic zone. The heart was excised, washed in ice-cold 0.9% saline, frozen in liquid nitrogen, and cut transversely into 1 mm thick slices. The area at risk was determined via planimetry, using NIH Image software.
Western blot analysis
Western blotting was performed as described previously 23 (for details, see Supplementary materials online, Methods).
Immunohistochemistry
See Supplementary materials online, Methods.
Statistical analysis
Data are expressed as mean + SEM. Differences in the incidence of reperfusion arrhythmias between sham and treated animals were analysed by Fisher's exact test. Continuous parameters were analysed with Student's t-test for repeated or non-repeated measures or with one-or two-way ANOVA where appropriate. P , 0.05 was considered significant.
Results
Assessment of area at risk and expression of Cx32 and Nav1.4
In six shams, area at risk expressed as a percentage of LV volume was 42 + 5%. The size of area at risk in Nav1.4-and Cx32-expressing mice did not differ from Sham: 47 + 7 and 41 + 5%, respectively (n ¼ 5 for each).
Following adenoviral injection into the LV free wall, the expression of Cx32 and of Nav1.4 was confirmed by western blot analysis ( Figure 1A) . Note that Cx32 and Nav1.4 were only observed in Nav1.4 or Cx32 expression is antiarrhythmic hearts treated with adenovirus expressing the corresponding protein, whereas those treated with empty adenoviral vector showed no expression. The overexpressed protein was detected in both ventricles, with more in the LV than in the RV. Figure 1B explores the distribution patterns of Cx32 and Nav1.4. The results show that each protein was expressed throughout the both ventricles. Figure 2A shows three representative ECG complexes and Table 1 summarizes the baseline ECG parameters in the three groups. No significant differences in RR, PR, QT, and QTc intervals and in P-wave durations were observed among the three groups. However, QRS duration was significantly shorter in the Nav1.4 group. Figure 2B (upper panel) is an example of VT induced upon reperfusion in a sham-operated mouse. Insets (shown at a high sweep speed) clearly demonstrate the atrial origin of excitation before VT and the ventricular origin during VT. VT appeared within 3-15 s after starting reperfusion. Figure 2B (middle and lower panels) shows-for representative SkM1-and Cx32-injected animals-that no VT occurred. Table 2 summarizes the data for reperfusion VT in the three groups. There was no difference in the rate of VT, but VT incidence was lower and the duration was shorter in Nav1.4-and Cx32-expressing mice than in Sham.
Intact animal studies
ECG changes
Reperfusion arrhythmia
Isolated tissue studies
To gain further insight into the mechanisms by which Nav1.4 or Cx32 prevent VT induction, multisite microelectrode epicardial mapping of isolated RV was performed. We studied RV rather than LV because of the better survival in the tissue bath of the relatively thin RV preparations and the demonstrable presence of Nav 1.4 and Cx32 protein in RV tissues (Figure 1 ).
Nav1.4-expressing mice
There were two obvious AP differences between Nav1.4 and sham mice ( Figure 3A and Table 3 ): that is, SkM1-injected mice had higher V max and amplitude. There were no differences in maximum diastolic potential (MDP) and AP duration between the two groups. Superfusion of preparations with Tyrode's solution containing normal (4 mmol/L) and elevated potassium (10 mmol/L) concentrations provided a wide MDP range and allowed recording of APs at membrane potentials as low as -50 mV ( Figure 3B) . At all membrane potentials, V max in Nav1.4-expressing mice was significantly greater than in Shams. Distributions of conduction times over the RV surface in one Sham and one SkM1-injected mouse at two potassium concentrations are shown in Figure 4A -D. At both potassium concentrations, CV was greater in the Nav1.4-expressing mouse. There was no difference in MDP between Sham and Nav1.4 mice at 4 mmol/L KCl, and elevation of KCl to 10 mmol/L led to significant and similar depolarization in both groups ( Figure 4E) . At both KCl concentrations, V max was higher in the Nav1.4 group (Figure 4F) . At a normal potassium concentration, CV was significantly greater in preparations from Nav1.4-expressing mice than in Shams ( Figure 4G) . Elevation of potassium slowed CV in both groups; however, in the Nav1.4 group, it remained higher than in Shams and was similar to that in Shams at 4 mmol/L KCl.
Cx32-expressing mice
Representative maps of conduction times in preparations from one sham and one Cx32-expressing mouse are shown in Figure 5A -D.
To test whether acidification slows conduction and whether Cx32 expression supports conduction in this environment, the tissues were exposed to low pH (6.0) solution. At normal pH, CV was similar in both preparations ( Figure 5A and B) . Low pH led to a marked decrease in CV in the sham ( Figure 5C ) but not the Cx32-expressing preparation ( Figure 5D ). There were no differences in AP parameters between Sham and Cx32 groups at pH 7.4 ( Table 3) . Summary data for the effects of low pH are shown in the lower panels of Figure 5 . Low pH had no effects on MDP ( Figure 5E ) and V max ( Figure 5F ) in both groups. Acidosis induced a significant decrease in CV in Shams and had no effect in Cx32 ( Figure 5G) . As a result, at low pH, CV was higher in Cx32-expressing mice in comparison to Shams.
Combined effects of elevated potassium and low pH
Because the ischaemia-reperfusion setting is not associated with changes in K + o or pH alone, experiments were performed to examine the combined effects of both factors, depolarization and acidosis, in Sham and in Nav1.4-and Cx32-expressing mice. Each preparation was equilibrated with HEPES-buffered solution having normal pH and potassium, and a microelectrode map was obtained. Then, the tissue was superfused with MES-buffered low pH solution with increased potassium concentration (10 mmol/L) (low pH-high K + solution) and mapping was repeated. The results are summarized in Figure 6 . Low pH-high K + solution produced similar depolarization in all three groups of preparations ( Figure 6A ). V max was significantly reduced in all groups but in Nav1.4, it remained significantly higher than in Sham and Cx32 ( Figure 6B) . In Sham, low pH -high K + solution slowed CV by 50% ( Figure 6C) . CV was slowed in Nav1.4 and Cx32 mice as well, but in these groups it was significantly faster than in Sham.
Discussion
Slowing of conduction is one of the major electrophysiological alterations induced by acute myocardial ischaemia. 1, 10, 13 A decrease in CV shortens the wavelength of excitation and can predispose the myocardium to re-entry. The theory of impulse propagation in a continuous electrical medium states that changes in ionic depolarizing current flow and changes in extracellular and intracellular resistances have independent effects on CV. 24 Formally, CV is proportional to the square root of V max and independently, inversely proportional to the square root of (extracellular + intracellular resistances). 25 Values for intracellular resistance are higher than those for extracellular resistance 26 and a major contributor to intracellular resistance is that of intercellular connections (gap junctions) that form resistive obstacles during propagation. 24 Therefore, we tried to decrease the extent of conduction slowing within the ischaemia/reperfusion zone by either increasing V max (Nav1.4 expression) or decreasing intracellular resistance (Cx32 expression) and tested whether these interventions could suppress arrhythmia. 
Nav1.4 or Cx32 expression is antiarrhythmic
The voltage-gated sodium channel is a key determinant of cardiac excitability. The magnitude of the sodium current determines the upstroke velocity and, in conjunction with electrical coupling among cells, the CV of the electrical impulse. We selected the skeletal muscle sodium channel gene, SkM1, as a therapeutic intervention. The steady-state inactivation curve for the SkM1-encoded channel (Nav1.4) is at voltages about 20 mV positive to that of the cardiac sodium channel Nav1.5. 16, 17 Thus, overexpressing the Nav1.4 channel in the myocardial tissue can not only increase the number of Na + channels in the membrane, but also make more of them available for opening in a depolarized tissue. This can improve conduction through ischaemia-induced depolarized regions and might be antiarrhythmic.
We have recently demonstrated in experiments using rat ventricular myocyte cultures that expression of Nav1.4 but not Nav1.5 Na + channels preserves AP V max and CV in a depolarized syncytium. 19 The results presented in the present study demonstrate that expressing Nav1.4 in the mouse heart exerts antiarrhythmic effects on reperfusion arrhythmias following brief ischaemic episodes. Our electrophysiological data are consistent with the suggested mechanism of this protective action. 19 We found that even in the RV wall of mice injected with SkM1 (where Nav1.4 was expressed less than in LV), AP V max was significantly greater than in Shams. The high V max resulted in greater CV in the preparations from Nav1.4-expressing mice. Increased CV was reflected on the surface ECG as an abbreviated QRS duration in SkM1-injected mice.
Intracellular potassium loss and extracellular potassium accumulation (up to 10 mmol/L within 5 min after the onset of coronary artery occlusion 27 ) are early consequences of myocardial ischaemia. Our in vitro experiments simulated this condition via the increase in external potassium concentration from 4 to 10 mmol/L. Despite a similar degree of elevated potassium-induced depolarization, CV in Nav1.4-expressing tissue was significantly greater than in Shams and was similar to that in sham animals at a normal potassium concentration. These results suggest the property of Nav1.4 channels to support conduction in a depolarized myocardium as a mechanism for prevention of reperfusion-induced VT.
The resistivity of Cx43 gap junctions is a major determinant of intracellular resistance in the ventricular myocardium. Cx43 is highly pH-sensitive and closes at low pH. 18 The liver gap junctional protein, Cx32, is less sensitive to acidification-induced uncoupling than Cx43 18, 28 and therefore can support conduction in the ischaemic myocardium and might be antiarrhythmic. Our results confirm this suggestion: similar to Nav1.4, expression of Cx32 in mouse heart protects against reperfusion arrhythmias.
Acute ischaemia induces a rapid and prominent decrease in pH i (to about 6.4 in 5 min after the onset of ischaemia 11 ). Our isolated tissue experiments simulated these conditions by superfusion with a low pH solution. Measurements with pH-sensitive electrodes showed that superfusion with Na-acetate containing pH 6.0 solution led to a drop of pH i to about 6.4. At these pH values, most Cx43 gap junctions should be closed, whereas significant numbers of Cx32 junctions should stay open. 18, 28 Simulations and experimental studies have demonstrated a complex non-linear relationship between cell -cell coupling and CV: a 95% decrease in coupling induces about a 50% decrease in CV. 29 In accordance with these data, we found that CV decreased by about 40% at low pH in sham preparations, whereas no changes in CV were seen in Cx32-expressing tissue. Because low pH had no effects on MDP or V max , the results suggest the effectiveness of Cx32 gap junctions to support conduction in the acidic myocardium as a mechanism for protection against reperfusion-induced VT. In sum, under conditions simulating two major ischaemia-induced deteriorations (acidosis and high potassium) in both treated groups (Nav1.4 and Cx32), CV was faster than in shams. Our logic in using a simulated ischaemic superfusate was that prevention of conduction slowing during ischaemia would decrease heterogeneity of conduction during reperfusion and forestall arrhythmia.
The mechanism of antiarrhythmic action of Nav1.4 and Cx32 overexpression presented above is based on the assumption that circus movement re-entry is a key factor in the genesis of reperfusion arrhythmias. Indeed, it has been demonstrated that even normal mouse ventricles (without regional ischaemia) can maintain sustained re-entrant activity. 30 However, the precise electrophysiological mechanisms underlying the genesis of reperfusion arrhythmias (especially in the mouse heart) remain unclear. Coronel et al. 31 studied the pig and found a marked AP duration shortening in the reperfused tissue that could contribute to reperfusion arrhythmias caused by re-entry. However, in the murine model, the VT rate approached 1000 b.p.m., resulting in a cycle length of 60 ms which is much longer than the AP duration measured in the RV under conditions of simulated ischaemia. Moreover, in the Coronel et al. study in pigs, AP shortening was seen only after 10 min (but not 5 min) of coronary occlusion and the shortest duration occurred 1 min after the onset of reperfusion. In our experiments, the duration of ischaemia was 5 min and VT developed within 15 s after releasing the ligation. In sum, this information indicates that AP shortening did not contribute substantially to reperfusion VT in our study.
Although re-entry is a major arrhythmogenic mechanism, enhanced automaticity and delayed afterdepolarization-induced triggered activity are alternative mechanisms that can induce re-entry or induce sustained arrhythmias in their own right. 2 The development of delayed afterdepolarizations implies increased calcium uptake/ release during reperfusion. However, there is little evidence for reperfusion-induced calcium overload after short periods of ischaemia when the tissue is only moderately injured and capable of full recovery. 32 In any case, an increase in Na + current would not be expected to inhibit automaticity or triggered activity. Also, expression of Cx32 is not expected to affect automaticity or triggered activity. At the same time, our data demonstrate that Nav1.4 and Cx32 both sped conduction as they reduced the incidence of arrhythmias. These results are consistent with re-entry as a mechanism for reperfusion VT in our experiments.
The model used in the present study is relevant to situations in which reperfusion after seconds or minutes of ischaemia is associated with the release of coronary artery spasm. Our results demonstrate that expressing either Nav1.4 or Cx32 proteins in the ventricular myocardium can protect against reperfusion arrhythmias after a shortlasting coronary artery spasm. Importantly, we have shown recently that expression of Nav1.4 reduces the incidence of inducible ventricular tachyarrhythmia/fibrillation in 1-week-old canine infarcts. 20 Thus, Nav1.4 expression can be beneficial over a range of intervals of coronary occlusion. In contrast, expression of Cx32 might be detrimental following long-lasting occlusion because the reduction of intercellular coupling by decreasing Cx43 junction conductance is a response of the myocardium that can limit the damage caused by coronary occlusion. Indeed, myocardial expression of Cx32 (in the presence of Cx43) does not influence infarct size during short-lasting ischaemia 33 but increases infarct size 24 h after coronary ligation in mice 34 and promotes monomorphic VT 1 week after coronary ligation in dogs. 35 Therefore, although our study demonstrates that myocardial overexpression of non-native channels having biophysical properties different from those of the normal heart may be beneficial, any benefit will vary with the nature of the channel and the nature and duration of the injury. Hence, in considering the gene therapy of arrhythmias, the selectivity and specificity of any intervention in any setting become key factors in assessing risk/benefit ratio, not unlike the situation we encounter in evaluating drugs.
